Introduction
============

Varieties with a waxy starch phenotype are known in many cereals, including wheat (*Triticum* spp.), maize (*Zea mays*), rice (*Oryza sativa*), barley (*Hordeum vulgare*), sorghum (*Sorghum bicolor*), and millets (*Panicum miliaceum*, *Setaria italica*,** and *Coix lacryma-jobi*). These varieties have been selected, in societies both ancient and modern, for the altered texture of their endosperm, which results from the absence or near absence of the amylose component of starch. Amylose content in wild-type starch is approximately 20--30%, with amylopectin constituting the other 70--80%. Amylopectin is a branched molecule comprising short (20 to 24-mer) chains of α(1 → 4)-linked α-glucosyl units linked by α(1 → 6) branch linkages. Amylose contains very few branched linkages, and molecules consist of long chains of several thousand α-glucosyl units joined by α(1 → 4)-linkages. As a consequence of these biochemical differences between the starch polymers, waxy and wild-type starches vary in physical properties. Waxy starches lacking amylose gelatinize at lower temperatures and swell more than wild-type starches. On cooking, waxy starches produce a soft paste with a characteristically sticky texture, whereas wild-type starches produce a harder gel that separates easily from the cooking water.

In all species that have been investigated, the waxy phenotype is due to loss of function of the major starch synthase (granule-bound starch synthase \[GBSS\]) activity in starch granules. GBSS catalyzes the elongation of the amylose chain by transferring adenosine diphosphate (ADP) glucose residues to a glucan substrate and is the sole enzyme responsible for amylose synthesis, in contrast to the complex multienzyme amylopectin biosynthesis pathway (reviewed in [@mss209-B45]). The GBSS isoform active in the endosperm is encoded by the gene *GBSSI*, which also functions in pollen ([@mss209-B42]). In functionally polyploid species, the production of fully waxy types requires the presence of mutant alleles causing loss of function in all homeologs of the *GBSSI* gene. Broomcorn or proso millet (*Panicum miliaceum* L.) is an unusual case among cereals with waxy types: it is a polyploid species in which fully waxy types appeared before deliberate recent breeding. In tetraploid and hexaploid wheats, fully waxy lines have only been bred within the last 15 years from partial-waxy types that lacked function in one (or two, in some hexaploid lines) of the GBSSI homeologs. Broomcorn millet is an allotetraploid with 2*n* = 4*x* = 36. Its diploid ancestors are unknown but related *Panicum* species include the wild diploid *P. capillare* (witchgrass). [@mss209-B16] demonstrated through crossing experiments the existence of two *GBSSI* loci in *P. miliaceum*, consistent with its polyploid constitution. In a previous article ([@mss209-B18]), we characterized these two loci (*GBSSI*-L and *GBSSI-*S) through DNA sequencing of plants from 38 landraces. We found that the *GBSSI-*S locus has two alleles, a wild-type allele (S~0~) and a mutant allele (S~-15~) which contains a 15-bp deletion relative to S~0~, resulting in the loss of five amino acids from the glucosyl transferase domain GTD1 and the loss of GBSSI-S enzyme activity. We found three *GBSSI*-L alleles, of which one (L~C~; GenBank sequence ID ADA61154) was inferred from comparison of the predicted amino acid sequence with those from other *GBSSI* alleles to be the ancestral allele. Two mutant alleles were discovered. One (L~Y~; GenBank sequence ID ADA61155) differed from the L~C~ allele by a single amino acid substitution from cysteine to tyrosine, at position 153, in exon 7; the other (L~f~; GenBank sequence ID ADA61156) differed from the L~C~ allele by a frameshift mutation, specifically the insertion of an additional adenine residue following position 224, in exon 9. Both these mutant alleles result in the loss of functional GBSSI-L protein, as inferred from the loss of endosperm starch synthase activity and amylose in plants that had either of these alleles in combination with the S~-15~ allele. Among the plants we analyzed, the L~C~ allele occurred in combination with the S~0~ allele only and therefore we were not able to prove that it encodes a functional version of the GBSSI-L protein. However, the existence of two loci, each with wild-type alleles in *P. miliaceum*, as inferred by [@mss209-B16] is consistent with the hypothesis that L~C~ produces a functional protein.

From the data above, the evolution of waxy varieties in broomcorn millet required the coincidence in a single plant of independently arising mutant alleles at the S and L loci. This would necessitate that the mutant alleles were appropriately distributed in populations with respect to both gene pools and geographical location. As in most other cereals, the distribution of waxy types in broomcorn millet is restricted to east Asia, which is thought to reflect their selection by the cultural preference for glutinous-type starchy foods in this region ([@mss209-B34]). Waxy varieties of broomcorn millet have probably existed for at least 2,000 years in China, as indicated by the appearance in classical Chinese texts of the character *shu* specifying glutinous broomcorn millet ([@mss209-B34]) The cultivation of *P. miliaceum* in China dates back to at least 8,000 cal BC ([@mss209-B27]), and it is very likely that its domestication occurred in this region, either in the central Yellow River valley or in the upland areas of the Loess Plateau or the Inner Mongolian foothills ([@mss209-B26]). Archaeobotanical records of *P. miliaceum* are also known from the 6th millennium cal BC in eastern Europe, which has prompted speculation that it may have been domesticated independently in this region ([@mss209-B19]). We recently demonstrated the existence of strong phylogeographic structure among broomcorn millet landraces, based on genotyping data at 16 microsatellite loci. Two major subpopulations exist in Eurasia, one eastern and one western, with the approximate boundary between the two in northwestern China. These data do not resolve the question of whether there were single or multiple centers of domestication: the data could reflect either two independent domestications in the east and west of Eurasia or a single broad domestication in China followed by a founder effect that resulted in the predominance of one gene pool as this crop spread westward ([@mss209-B17]).

In this study, we investigated the evolution of the waxy phenotype in broomcorn millet in its phylogeographic context. We first sought to determine experimentally whether, as we hypothesized previously, the L~C~ allele produces an active protein. This was to determine whether the waxy endosperm trait in *P. miliaceum* is controlled by one or two loci. We assessed the functionality of the L~C~ allele in two ways: 1) by studying the GBSSI protein content and activity, and amylose content, in lines with this allele in an S~-15~ background and 2) by comparing the predicted protein sequence of L~C~ with that of the functional GBSSI in the nonwaxy diploid *P. capillare.* Second, by comparing the biochemical phenotypes of lines with all combinations of alleles at the *GBSSI-*L and *GBSSI-*S loci, we assessed the relative capacity of these two loci for amylose synthesis and their consequent effect on endosperm texture. We also tested whether both alleles of GBSSI were active in pollen grains. This enabled us to clarify which mutations were necessary for the evolution of plants with the waxy phenotype. Third, we analyzed the geographic distribution of alleles at the *GBSSI-*L and *GBSSI-*S loci in landrace accessions from across Eurasia and investigated the association of the *GBSSI* alleles with population structure inferred from microsatellite loci, to determine the likely population history of these mutations. Taking these biochemical and phylogeographic data together, we were able to develop a model for the evolution of the waxy phenotype in broomcorn millet. This model provides some novel findings regarding the evolution of amylose-free starch in polyploid genomes and human selection of waxy endosperm phenotypes.

Materials and Methods
=====================

Identification of L~C~/S~-15~ Lines
-----------------------------------

F~4~ generation seed was provided for 31 lines derived from the true-breeding wild-type families from the crossing experiments of [@mss209-B16]. We screened the lines to identify those which were homozygous for the L~C~ and S~-15~ *GBSSI* alleles as follows. Polymerase chain reactions (PCRs) were carried out for a fragment spanning the 15-bp deletion site in the *GBSSI*-S locus and labeled with 6-carboxyfluorescein (6-FAM) using the M13 tailing procedure of [@mss209-B4]. Reactions were carried out in 10 μl volumes containing 1 x buffer, 100 nM primer \[M13\]-int9Sf (5'-\[CACGACGTTGTAAAACGAC\]-GCCGAATAATCGTCTGATAAATTGAGC-3'), 400 nM primer R11 (5'-CAGGCACACTGCTCCCAATG-3'), and 400 nM primer \[FAM\]-M13. Cycling conditions were 94°C for 3 min; 30 cycles of 94°C for 30 s, 60°C for 45 s, and 72°C for 1 min; 10 cycles of 94°C for 30 s, 53°C for 45 s and 72°C for 1 min;, and a final extension step of 72°C for 10 min. Positive controls were included in each set of reactions, using samples that had previously been sequenced across the indel site ([@mss209-B18]). PCR products were checked on 2% Tris-acetate-EDTA (TAE)-agarose gels and diluted 100-fold in water before analysis by capillary electrophoresis on an ABI3730 instrument (Applied Biosystems). Electropherograms were analyzed in GeneMapper version 4.0 (Applied Biosystems) and scored manually for the S~0~ or S~-15~ alleles.

Lines that were monomorphic for S~-15~ homozygotes were screened at the L locus for the two fragments spanning sites with exon polymorphisms, using a single-base extension method. PCRs for the int5Lf-R3 and M12-R12 fragments, which cover the G/A substitution and frameshift adenine insertion sites, respectively, were carried out essentially as described previously ([@mss209-B18]). PCR products were checked on TAE-agarose gels and purified using Exonuclease I and Shrimp Alkaline Phosphatase. Cleaned PCR products were then used as the template in SNaPshot™ reactions (Applied Biosystems), which were carried out in 5 μl volumes containing 1 μl cleaned PCR product, 1 μl ABI PRISM® SNaPshot™ Multiplex Ready Reaction Mix, and 500 nM extension primer. The extension primer sequences were 5'GGGAGGATGTCGTGTTCGTCT-3' for the int5Lf-R3 fragment and 5'-CACGACGTTGTAAAACGACCAGGTACGAGAAGCCTGTGGA-3' for the M12-R12 fragment. Following this preliminary identification of lines homozygous for the L~c~ and S~-15~ alleles, the phenotype of additional grain from these lines was checked by scraping a small amount of endosperm, distal to the embryo, onto a microscope slide and staining with Lugol's solution (10% (w/v) KI (Sigma-Aldrich Ltd., Gillingham, Dorset, UK), 5% (w/v) I~2~ (Sigma-Aldrich Ltd., Gillingham, Dorset, UK), diluted 100-fold with water immediately before use). Seed was then sown, and following germination and development of leaf tissue, DNA was extracted, amplified, and sequenced for the exons 2--14 region of the L and S genes, which corresponds to the entire sequence of the mature GBSSI peptide, according to procedures described previously ([@mss209-B18]).

Other Plant Material
--------------------

Lines of the five other *P. miliaceum* genotypes (S~0~/L~C~, S~0~/L~Y~, S~0~/L~f~, S~-15~/L~Y~, S~-15~/L~f~) were those used previously ([@mss209-B18]). The six genotypes were compared in experiments to measure GBSSI protein content, GBSSI activity, endosperm amylose concentration, starch swelling power, and visual assessment of the staining with iodine of starch granules from endosperm and pollen grains.

*Panicum capillare*
-------------------

Germplasm of *P. capillare* was provided by the Leibniz Institute of Plant Genetics and Crop Plant Research (Gatersleben, Germany; accession number IPK 781). Grain was phenotyped by iodine staining as described earlier. DNA was extracted from seedlings using a Qiagen Plant DNeasy kit (Qiagen Ltd., Crawley, West Sussex, UK), following the manufacturer's protocols. The *GBSSI* locus in this species was amplified using the primers FPSLVVC3 and Rstop3 ([supplementary table S1](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online), in 50 µl volumes using 1 x Finnzymes HF buffer (New England Biolabs, Hitchin, Hertfordshire, UK), 200 µM of each deoxynucleotide triphosphate (dNTP), 0.3 µM of each primer, 3% dimethyl sulfoxide (DMSO), and 1 U Finnzymes Phusion™ High-Fidelity DNA Polymerase (New England Biolabs, Hitchin, Hertfordshire, UK). Cycling conditions were 30 s at 98°C; 40 cycles of 10 s at 98°C, and 2 min 30 s at 72°C; final extension step of 10 min at 72°C. PCR products were sequenced for forward and reverse strands using the primers in [supplementary table S1](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online. The resulting sequence has been submitted to GenBank (accession number JN587495). This sequence was aligned with those for *P. miliaceum GBSSI-*S (GU199261) and *GBSSI-*L (GU199253) in MEGA version 4.0 ([@mss209-B39]). We updated our previous alignment of GBSS amino acid sequences from a range of monocot and dicot species ([@mss209-B18]) to include the predicted amino acid sequence for the *P. capillare* GBSSI and to include all alleles at the *P. miliaceum* GBSSI-S and GBSSI-L loci. Amino acid alignments were carried out in MEGA 4.0 and formatted in BoxShade 3.31 running on the Mobyle web portal ([@mss209-B29]; <http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::boxshade>, last accessed 2012 January 25).

Starch Extraction
-----------------

Starch extraction for SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel) analysis of GBSSI proteins and for enzyme activity assays was performed as described previously ([@mss209-B18]). Starch extraction for amylose quantification and swelling power tests was performed using a method modified from [@mss209-B36] and [@mss209-B37]. Fifty grains were partially crushed in a pestle and mortar and the husks removed with forceps. Grain was steeped overnight in 5 ml water at 4°C before thorough grinding in a pestle and mortar in a total volume of 10 ml water. The resulting suspension was filtered through Miracloth and the filtrate centrifuged for 20 min at 1,200 × g. The pellet was resuspended in 1 ml water and the suspension layered above 9 ml 80% (w/v) CsCl in a 15 ml centrifuge tube. This was centrifuged for 15 min at 1,200 × g and the supernatant discarded. The pellet was resuspended in 1 ml water and transferred to a 1.5 ml microcentrifuge tube before centrifugation for 5 min at 10,000 × g. The pellet was washed in this way a total of three times with water and then once with ice-cold acetone. Pellets were air dried and stored at −20°C.

GBSSI Protein Content and Activity
----------------------------------

Proteins were extracted from purified starch and analyzed by SDS-PAGE. Starch (10 mg) was suspended in 0.5 ml gel sample buffer and heated to 95°C for 3 min. After cooling to room temperature, the samples were centrifuged at 14,000 × g for 10 min and the resulting supernatant recovered. A 10 μl aliquot of supernatant was loaded onto a 7.5% SDS-PAGE (80 × 60 × 0.75 mm), subjected to electrophoresis and then stained with Bio-Safe colloidal Coomassie Blue G-250.

A band of protein at approximately 52 kDa was observed in all samples. The relative amount of protein in each band was estimated from the band density, which was determined by image analysis using ImageJ software (<http://rsbweb.nih.gov/ij/>, last accessed 2012 September 13).

Starch synthase activity assays were carried out as described previously ([@mss209-B18]). Three replicates were performed for each sample. Briefly, a suspension of the starch sample was incubated with a reaction mixture including radiolabeled ADP\[U^14^C\]glucose. Incorporation of the labeled substrate into the resulting starch was measured by scintillation counting and the rate of uptake calculated by reference to appropriate controls.

Microscopy
----------

Mature seeds of genotype S~-15~/L~C~, which had low amylose content, were cut into 1.5 -μm-thick sections, and these were stained with Lugol's solution to reveal the amylose content of the starch granules. The sections were cut directly from mature endosperm without prior embedding. The advantages of this dry-cut method are that it allows observation of the starch granules in endosperm cells in situ, and because the granules are sectioned, variations in staining intensity and color (i.e., amylose content) within the granule can be discerned. To assess the amylose content of starch in pollen, pollen grains were placed on a microscope slide in a drop of dilute Lugol's solution, gently squashed under a cover slip, so that some starch was ejected from the ruptured pollen grain, and viewed under a light microscope.

Amylose Quantification
----------------------

The concentration of amylose in millet starches was estimated using a method modified from [@mss209-B23]). Starch (5 mg) was used for each assay (weighed out accurately to 0.01 mg). Three replicate assays were carried out for each sample; 50 µl of 3 M CaCl~2~ was added, and the samples were vortexed and left to stand for 10 min. Following the addition of 0.5 ml 6 mM I~2~-DMSO, the samples were stirred and placed in a sonicating bath at 70--75°C for 30 min. A 10 µl aliquot was transferred to a fresh glass tube, and 100 µl 6 mM I~2~-DMSO and 800 µl water were added. Absorbance at 600 nm was measured using a GENESYS^TM^ 6 spectrophotometer (ThermoSpectronic). Amylose content of samples was determined using a standard curve constructed using millet amylopectin extracted from the waxy line MIL-82 \#1 and maize amylose (Sigma-Aldrich, catalog number A7043) in 5 mg total aliquots, over an amylose concentration range of 0--50%.

Starch Swelling Power
---------------------

The swelling power of gelatinized starch was measured using a method modified from [@mss209-B24]). Three replicate assays were carried out for each genotype. Starch (10 mg; accurate to 0.01 mg) was weighed out into preweighed round-bottomed 2 ml Eppendorf tubes; 1 ml H~2~O was added, and the samples were mixed by thorough shaking. The tubes were placed in a hot block at 90°C in an incubator shaking at 375 revolutions per minute (rpm) for 1 h. Samples were left to cool to room temperature and then centrifuged at 10,000 × g for 10 min. The supernatant was carefully removed with a pipette, and the tubes containing the gelatinized starch pellets were reweighed. Swelling power was calculated as: weight of pellet/dry weight of starch.

Analysis of *GBSSI* and Microsatellite Genotypes
------------------------------------------------

Landrace accessions of *P. miliaceum* were provided by the Vavilov Institute, St Petersburg, Russia (VIR), the National Institute of Agrobiological Sciences Genebank, Japan (NIAS), and by the USDA-ARS North Central Regional Plant Introduction Station, Ames, IA, USA. Individual seeds were tested for endosperm starch phenotype as described earlier. A total of 178 individuals from 147 accessions were analyzed ([supplementary table S2](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online). *Panicum miliaceum* is strongly selfing (∼90%; [@mss209-B3]), and for most accessions, only a single individual was analyzed. Up to three individuals were analyzed for some accessions, as waxy phenotype and *GBSSI* genotype data were already available for these samples from our previous study ([@mss209-B18]). DNA was extracted from seedlings, and each individual was genotyped for the polymorphic sites in the \[M13\]int9Sf-R11, int5Lf-R3, and M12-R12 fragments as described earlier. Genotypes at the L and S loci were inferred accordingly from this data. Each sample was also genotyped at 16 of the microsatellite loci characterized by [@mss209-B8], following the method in [@mss209-B17]. Microsatellite genotyping data were analyzed in GeneMapper version 4.0 (Applied Biosystems) and scored manually for the diploid genotype at each locus. Multilocus genotypes (MLGs), including both the *GBSSI* and microsatellite genotype information, were identified by analysis in Microsoft Excel. Where multiple plants from a single accession shared the same MLG, a single representative of each MLG was retained for the subsequent analyses to avoid bias in analysis of associations.

Microsatellite genotype data were used to construct a neighbor-joining tree showing relationships between samples, inferred from a genetic distance matrix using Nei's distance measure *D~A~* ([@mss209-B28]), as calculated by the software PowerMarker version 3.25 ([@mss209-B25]). Modeling of the number of genetic clusters, based on the microsatellite genotype data, was carried out using a Bayesian clustering algorithm as implemented in the software InStruct ([@mss209-B15]). InStruct uses a Bayesian clustering algorithm similar to the widely used program STRUCTURE ([@mss209-B31]) but does not make the assumption of Hardy--Weinberg equilibrium and is therefore more appropriate for analysis of a diploid data set for a strongly inbreeding species, where this assumption is likely to be violated. Ten replicate runs were carried out for each number of clusters (*K*) from *K* = 1 to *K* = 10, with 200,000 burn-in and 1,000,000 Markov chain Monte Carlo reps. The method in [@mss209-B12], as implemented in CorrSieve ver. 1.6-5 ([@mss209-B6]), was used to evaluate the optimal value of *K.* Correlations between *Q*-matrices for replicate runs were checked in CorrSieve.

Association of waxy genotypes with genetic clusters inferred from microsatellite loci was evaluated by plotting alleles at the *GBSSI*-S and *GBSSI*-L loci on the neighbor-joining *D~A~* tree and by performing analyses of variance (ANOVAs) in which waxy alleles were treated as the dependent variable and the proportions of each *Q* in the model with *K* = 7 (selected as justified in the Results later as the most informative model) as the independent variable for each sample. ANOVAs were performed separately for the S and L loci and separately for polychotomous and binary codings of the L allele states (the latter equivalent to post hoc *t*-tests). The two samples that were heterozygous at the *GBSSI*-L locus were excluded from the analysis. ANOVAs were performed in the R package ([@mss209-B32]). This method is not perfect, because the values of *Q* for each sample necessarily sum to 1, so there is redundancy of information in running ANOVAs for all seven clusters. Nonetheless, it provides a clear and quantitative measure of the extent to which the proportional allocation of a sample to each genetic cluster can be explained by its *GBSSI* genotype.

Maps showing the geographical distribution of samples, genetic allocation to clusters in the *K=*7 model in InStruct, and alleles at the *GBSSI-*L and *GBSSI-*S loci were plotted in ArcMap 10.1. Precise locations of origin were unknown for many samples. For the purposes of plotting data, these were roughly estimated from the geographic information available using GoogleEarth.

Results
=======

Identification of a *GBSSI-L* Ortholog in *P. capillare*
--------------------------------------------------------

Endosperm starch granules from *P. capillare* stained dark blue--black with iodine. This suggested that the *GBSSI* gene in this species confers a wild-type (nonwaxy) phenotype with normal endosperm amylose content, as is the case with all other wild species studied to date ([@mss209-B34]; [@mss209-B35]).

We characterized the *GBSSI* sequence in this diploid species*.* The primers FPSLVVC3 and Rstop3 amplified a single product that yielded unambiguous direct sequence. The presence of a single *GBSSI* sequence type in *P. capillare* is consistent with its diploid genome. This sequence was 3,475 bp in length, and alignment with the *GBSSI-*S and *GBSSI-*L sequences from *P. miliaceum* showed that it had very high sequence similarity with *GBSSI-*L (94.5% including intron sequences or 99.3% considering coding sequence only). Given that alignment of the intron sequences of the *GBSSI-*S and *GBSSI-*L homeologs from *P. miliaceum* is not possible due to their dissimilarity ([@mss209-B18]), we inferred that the *GBSSI* sequence in *P. capillare* is orthologous to *GBSSI-*L in *P. miliaceum.* Among the *GBSSI-*L alleles in *P. miliaceum,* the predicted amino acid sequence of the *P. capillare* GBSSI protein is closest to the product of the L~C~ allele. It differs from the latter by three residues: L~C~ has serine (substitution for alanine) at position 298 ([supplementary fig. S1](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online), threonine (for methonine) at position 441, and methionine (for valine) at position 499. At all these three sites, the amino acid residue in the *P. capillare* protein sequence is the same as that in the *P. miliaceum* GBSSI S~0~ allele, which is also catalytically active.

Identification of L~C~/S~-15~ Lines in *P. miliaceum*
-----------------------------------------------------

To evaluate the functionality of the L~C~ allele in *P. miliaceum*, we needed to identify lines in which this allele was present in an S~-15~ background. No such lines were present among the total of 147 landrace accessions analyzed either previously ([@mss209-B18]) or in this study (see later). From the segregation ratio data given by [@mss209-B18], we inferred that it was highly likely that lines with the genotype S~-15~/L~C~ would constitute a proportion of the F~2~-derived families which were true breeding for the nonwaxy phenotype. Thirty-one of these lines, representing the F~4~ generation, were available for testing. We found that two of these 31 lines---P017-10-2 and P017-10-4---were monomorphic for the genotype S~-15~/ L~C~. Both of these lines were derived from the cross "Earlybird" x PI436626. Full sequencing of the L and S loci for these lines confirmed that the predicted protein sequences were identical to those encoded by the L~C~ and S~-15~ alleles described previously ([@mss209-B18]).

Amylose Content
---------------

Examination of starch granules stained with Lugol's solution from the two S~-15~/L~C~ lines indicated that their phenotype was somewhat different from the previously characterized wild-type lines (genotypes S~0~/L, where L is any of the genotypes L~C~, L~Y,~ or L~f~). A purplish-blue coloration demonstrated the presence of some amylose, but this coloration was less intense than for wild-type granules, and some granules appeared to stain only red rather than blue with iodine ([fig. 1](#mss209-F1){ref-type="fig"}*A*). F[ig]{.smallcaps}. 1.*Panicum miliaceum* starch granules. Starch was stained with Lugol's solution and observed using a light microscope. The scale is indicated. (*A*) Material scraped from mature seeds*.* The genotypes and accessions shown are i: S~0~/L~C~, MIL-4 \#1 (nonwaxy, dark blue--black staining); ii: S~-15~/L~C~, line P017-10-2 (partially waxy, some granules staining red and some granules staining paler blue--purple, indicating the presence of amylose); iii: S~-15~/L~f~, MIL-82 \#1 (waxy, granules stain red, some darkly. The characteristic blue of amylose staining is absent). (*B*) Pollen squashed on a microscope slide to release some of the starch granules within. The genotypes and accessions shown are i: S~0~/L~C~, MIL-4 \#1 (blue--black staining, amylose present); ii: S~-15~/L~f~, MIL-70 \#1 (red staining, amylose free).

To investigate this result further, we undertook quantitative estimates of the amylose content in all six of the *P. miliaceum GBSSI* genotypes. The data are shown in [figure 2](#mss209-F2){ref-type="fig"}*A*. The three genotypes previously shown to give wild-type phenotypes (S~0~/L~C~, S~0~/L~Y~, and S~0~/L~f~; [@mss209-B18]) all contained approximately 35--40% amylose. The two genotypes previously shown to be waxy (S~-15~/L~Y~ and S~-15~/L~f~) both contained approximately 1% amylose. The S~-15~/L~C~ genotype was confirmed to have an intermediate phenotype with an amylose content of approximately 11%. F[ig]{.smallcaps}. 2.Biochemical properties of endosperm starch in six *GBSSI* genotypes of *P. miliaceum.* (*A*) Amylose content. (*B*) Starch swelling power. (*C*) GBSSI protein content. (*D*) Starch synthase activity.

Staining of sections of endosperm from S~-15~/L~C~ genotype seeds with Lugol's solution showed that the outer edges of starch granules in the cells in the outer and mid endosperm stained red, indicating the absence of amylose ([fig. 3](#mss209-F3){ref-type="fig"}). However, blue staining was visible inside these granules showing that they contained some amylose. In contrast, the starch in the central endosperm cells stained entirely red indicating that these starch granules contained very little, if any, amylose. F[ig]{.smallcaps}. 3.Sections of grains with low-amylose content. Dry-cut sections of 1.5 μm of mature endosperm of genotype S~-15~/L~C~ stained with Lugol's solution. Examples of the outer endosperm (OE; left panel), including the subaleurone cells (sa); mid endosperm further into toward the center of the grain (ME, middle panel); and the central endosperm (CE; right panel) are shown. The scale is indicated.

Starch Swelling Power
---------------------

To determine the effect of the *GBSSI* genotype on the functional properties of endosperm starch, we measured the extent to which the starch swelled on gelatinization in the presence of excess water (swelling power). The data are shown in [figure 2](#mss209-F2){ref-type="fig"}*B*. The three wild-type genotypes showed the lowest swelling power, consistently approximately 12%. The two waxy genotypes produced much larger and less dense pellets on gelatinization, with swelling power of approximately 30%. The S~-15~/L~C~ genotype showed an intermediate swelling power of approximately 19%.

GBSSI Content and Activity
--------------------------

We carried out measurements of protein content and GBSSI activity on mature grains from all six *GBSSI* genotypes to determine the relative expression of *GBSSI* alleles and the specific activity of the resulting proteins. This data showed that the S~-15~/L~C~ genotype had very low GBSSI content and activity, similar to the levels in the waxy genotypes ([fig. 2](#mss209-F2){ref-type="fig"}*C* and *D*).

Starch Phenotype in Pollen Grains
---------------------------------

To test whether both *GBSSI* alleles were expressed in pollen grains, as in endosperm starch, we used iodine staining to make a qualitative assessment of amylose content in pollen grains of all six *GBSSI* genotypes. We detected two phenotypes ([fig. 1](#mss209-F1){ref-type="fig"}*B*): a blue-staining starch which we inferred contained amylose, seen in the lines S~0~/L~C~, S~0~/L~Y~, S~0~/L~f,~ and S~-15~/L~C~, and a red-staining amylose-free starch, seen in the lines S~-15~/L~Y~ and S~-15~/L~f~. Because of the very small amounts of tissue, it was not possible to make quantitative measurements of amylose content or GBSSI content or activity in pollen.

Analysis of *GBSSI* and Microsatellite Genotypes
------------------------------------------------

Our previous study ([@mss209-B18]) genotyped 72 plants from 38 accessions for *GBSSI-*S and *GBSSI-*L genotypes. In this study, we extended this analysis to a total of 178 plants from 147 accessions, including 69 of the 72 plants analyzed previously. We also genotyped all 178 plants for 16 microsatellite loci with no known connection to the *GBSSI* loci to analyze the association between *GBSSI* genotype and phylogeographic clusters. The genotyping of individual plants ensured a rigorous association between waxy genotype and phenotype and microsatellite genotypes. The genotypes at the *GBSSI* S and L loci for 178 plants, representing landrace accessions from across Eurasia, are shown in [supplementary table S2](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online. We found 82 plants with the genotype S~0~/L~C~, 29 S~0~/L~Y~, 17 S~0~/L~f~, 37 S~-15~/L~Y,~ and 11 S~-15~/L~f~. Two plants were heterozygous at the *GBSSI-*L locus, one with the genotype S~0~/L~C~/L~Y~ and one with the genotype S~0~/L~C~/L~f~. No plants were found among the landrace accessions with the genotype S~-15~/L~C~.

The full data set of microsatellite genotypes at the 16 simple sequence repeat loci is available in [supplementary table S2,](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1)online. There were 151 distinct MLGs among the 178 plants. Excluding multiple plants from the same accession with the same MLG left a total data set of 168 plants, on which subsequent analyses were carried out.

We used both Bayesian clustering analyses, implemented in InStruct, and neighbor-joining phenograms based on Nei\'s genetic distances ([@mss209-B28] genetic distances, to evaluate genetic structuring of the microsatellite data set. InStruct output showed no clear value of *K* where ln *P*(*D*) reached a maximum or plateau. The parameter Δ*K* ([@mss209-B12]) showed a maximum at *K* = 2. This split, with two gene pools, divides the samples into eastern and western groups, as found previously ([@mss209-B17]). In that analysis, a model with six gene pools was also biogeographically meaningful and provided further resolution. In the current analysis, correlations between replicate runs showed that highly stable solutions were obtained up to *K* = 7 and that the *K=*7 model showed a very similar phylogeographic pattern to the *K=*6 pattern in [@mss209-B17], with an additional subdivision of one of the gene pools. We therefore used the model with seven gene pools as the basis for most of the subsequent analysis. The proportional assignments of each sample to each of the seven gene pools are shown in [figures 4](#mss209-F4){ref-type="fig"} and [5](#mss209-F5){ref-type="fig"}. Under this model, populations 1--4 (shown as red, orange, yellow, and green) fall into the western cluster defined by the *K*= 2 model, and populations 5--7 (dark blue, pink, and light blue) fall into the eastern cluster of this primary split. The position of the populations 4 (green) under *K=*7 within the "western" cluster under *K* = 2 is in contrast with our previous results ([@mss209-B17]), in which this group belonged to the "eastern" cluster at the higher level. F[ig]{.smallcaps}. 4.Microsatellite genotype clusters defined by InStruct. Proportional allocations for each plant sample to each gene pool for the InStruct *K* = 2 (*A*) and *K* = 7 (*B*) models. Alleles at the *GBSSI-*S and *GBSSI-*L loci are shown. F[ig]{.smallcaps}. 5.Microsatellite genotype clusters and *GBSSI* allele distribution. For each sample, the pie chart shows the proportional allocation to each gene pool under the *K* = 7 model. The alleles at the *GBSSI-*S and *GBSSI-*L loci are shown superimposed.

In the eastern part of the range, population 5 (shown in dark blue in [figures 4](#mss209-F4){ref-type="fig"}, [5](#mss209-F5){ref-type="fig"}, and [6](#mss209-F6){ref-type="fig"}) is largely confined to China and Korea. Population 6 (pink) dominates a small number of samples in northeastern China, and Korea, and approximately half the samples from Japan, predominantly in the northeast. Population 7 (light blue) is confined to Japan, and samples assigned to this population are largely from the southwest of the country. Population 4 (green) has a northerly distribution in Eastern Asia, in North China, Mongolia, Siberia, and the Russian Far East. In the western part of the range, populations 1, 2, and 3 (red, orange, and yellow) all have in a distribution across longitudes ranging from northwestern China to eastern Europe. Of these three populations, number 3 (yellow) appears to have a more northerly center of distribution, at high frequency in northwestern Kazakhstan and the most northwesterly samples from Russia, and in a number of samples in the Novosibirsk region. Populations 1 and 2 (red and orange) show less clear spatial separation in this broad range.

The topology of the neighbor-joining tree ([fig. 6](#mss209-F6){ref-type="fig"}) shows broad agreement of the relationships between samples with the InStruct allocations. The branches of the tree are colored consistent with [figures 4](#mss209-F4){ref-type="fig"} and [5](#mss209-F5){ref-type="fig"}, showing the highest InStruct cluster allocation for each sample (even where this is below 50%). Considering the samples with the highest proportional allocation to population 7 (light blue), it appears that these are derived from population 6 (pink). Population 4 (green) forms a clear clade that sits between clades containing populations 1/2/3 (red/orange/yellow) and populations 5/6/7 (dark blue/pink/light blue), respectively. This is consistent with its variable placement in the eastern and western clusters under *K* = 2 found between the analyses in this article and our previous work ([@mss209-B18]). F[ig]{.smallcaps}. 6.Dendrograms showing microsatellite genotype clusters and *GBSSI* alleles. Neighbor-joining tree showing relationships among samples based on microsatellite genotypes, using Nei's genetic distances ([@mss209-B28]). Branches are colored according to the highest proportional allocation to the gene pools identified under the InStruct analysis in the *K* = 7 model (even where this is \<50%). The *GBSSI* genotype is shown for each sample at the *GBSSI-*S and *GBSSI-*L loci. Where multiple individuals share a microsatellite and *GBSSI* genotype, the number of individuals is indicated in brackets. The genotype of individuals heterozygous for the *GBSSI-*L locus is shown as both alleles separated by /.

Considering the distribution of the alleles at the *GBSSI*-S and *GBSSI*-L loci in relation to the genetic groups identified by the cluster and dendrogram analyses, a number of associations can be seen. Four of the seven InStruct populations---shown in red, orange, yellow, and green---are monomorphic for the wild-type S~0~ allele. The mutant S~-15~ allele is at medium--high frequency in populations 5 (dark blue) and 6 (pink) and at 100% frequency in population 7 (light blue). At the *GBSSI*-L locus, the L~C~ allele occurs at high frequency in populations 1, 2, and 4 (red, orange, and green) and at very low frequency in populations 5 (dark blue) and 6 (pink). It is absent from population 7 (light blue), which is monomorphic for the mutant L~Y~ allele. This allele also occurs at moderate to high frequency in populations 6 (pink) and 3 (yellow), at low frequency in populations 5 (dark blue), 1 (red), and 2 (orange), and is absent from population 4 (green). The other mutant L allele, L~f~, is at high frequency in population 5 (dark blue), at low frequency in populations 1 (red), 3 (yellow), and 6 (pink), and absent from (orange) and 4 (green). ANOVA tests for association between *GBSSI* alleles and proportional assignment to each of the populations under the *K* = 7 model provide statistical support for the observed positive and negative associations between particular *GBSSI* alleles and genetic clusters inferred from the microsatellite data ([table 1](#mss209-T1){ref-type="table"}). Table 1.Results of ANOVA Tests for Association between *GBSSI* Alleles and Proportional Allocation to each Gene Pool under the *K = 7* Model.S~0~ vs. S~-15~L~C~ vs. L~Y~ vs. L~f~L~C~ vs. non-L~C~L~Y~ vs. non-L~Y~L~f~ vs. non-L~f~1 Red[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*](#mss209-TF2){ref-type="table-fn"}[\*\*](#mss209-TF2){ref-type="table-fn"}2 Orange[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*](#mss209-TF1){ref-type="table-fn"}[\*](#mss209-TF1){ref-type="table-fn"}3 Yellow[\*\*\*](#mss209-TF3){ref-type="table-fn"}4 Green[\*\*](#mss209-TF2){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}5 Dark blue[\*](#mss209-TF1){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*](#mss209-TF1){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}6 Pink[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*](#mss209-TF2){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}7 Light blue[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[\*\*\*](#mss209-TF3){ref-type="table-fn"}[^2][^3][^4][^5]

Discussion
==========

Production of an Active Protein by the *GBSSI* L~C~ Allele
----------------------------------------------------------

The identification of lines with the *GBSSI* L~C~ allele in an S~-15~ background generated by the crossing program of [@mss209-B16] enabled us to test the functionality of the L~C~ protein. The data of [@mss209-B16] implied that the L~C~ allele is sufficient for the production of wild-type endosperm starch. However, these results were based on a large-scale iodine staining screen, and genotype information was not available. The additional investigations we have carried out here have shown that this allele produces a protein which is capable of catalyzing the synthesis of at least some amylose. This corroborates the conclusion of [@mss209-B16] that endosperm texture in *P. miliaceum* is under the control of two loci.

Relative Capacities of the *GBSSI-S* and *GBSSI-L* Loci for Amylose Synthesis
-----------------------------------------------------------------------------

Our biochemical analyses of the six possible *GBSSI* genotypes in *P. miliaceum* allowed us to determine the relative amylose synthesis capacities of the *GBSSI-S* and *GBSSI-L* loci. In endosperm, in the absence of the active GBSSI-S allele, S~0~, the L~C~ allele produces only approximately 25% of the amylose content found in wild-type grain. In contrast, S~0~ alone (i.e., in combination with a nonfunctional GBSSI*-*L allele) produces close to 100% of the amylose content of the wild type. The difference between 25% and 100% amylose content relative to wild type is difficult to detect by a simple microscopic examination of iodine-stained crushed grain, accounting for the scoring of S~-15~/L~C~ genotypes as wild type by [@mss209-B16]. Thus, we infer that the *GBSSI-*S locus is the major determinant of amylose content in millet endosperm and that the *GBSSI-*L locus makes only a minor contribution. Our data also show that L~C~ contributes relatively little GBSSI protein compared with the S alleles. It appears that neither GBSSI protein or activity nor amylose content increased in plants with an S~0~/L~C~ genotype relative to those with S~0~/L~Y~ or S~0~/L~f~ genotypes, despite the demonstrated activity of L~C~. Indeed, GBSSI activity appears to be higher in the S~0~/L~f~ than in the S~0~/L~C~ or S~0~/L~Y~ lines. This could be explained if GBSSI-S has higher specific activity than GBSSI-L: the GBSSI-L protein is absent from the S~0~/L~f~ genotype and so all the GBSSI protein in this genotype is the more active S~0~ form. We conclude that the presence of S~0~ alone appears to be sufficient for wild-type amylose content.

In pollen, our starch phenotype data showed that GBSSI-S and GBSSI-L both exhibit some activity: pollen grains with either the S~0~ or L~C~ alleles contain amylose, in the presence of the established mutant alleles L~Y~ or L~f~, or S~-15~, respectively. As in the endosperm, pollen grains with mutant alleles at both loci, that is, genotypes S~-15~/L~Y~ and S~-15~/L~f~, are amylose free. Quantitative measurements of amylose contents in pollen grains from different genotypes would be needed to determine whether the relative contributions of GBSSI-S and GBSSI-L in pollen differed from those in endosperm. However, there is no evidence from the present data for substantial differences between the two GBSSI loci in their patterns of expression in these two tissues.

Our finding that the *GBSSI-*S and *GBSSI-*L loci contribute unequally to amylose content in endosperm is comparable with data on polyploid wheats. In tetraploid and hexaploid wheats, the different GBSSI homeologs have been shown to make differential contributions to endosperm amylose content, although the extent of the inequality between homeologs in wheat is less than that seen in *P. miliaceum*. In bread wheat (*Triticum aestivum*), the Wx-B1 allele contributes most to GBSSI protein levels and amylose content, followed by the Wx-D1 allele, and the Wx-A1 allele contributes least ([@mss209-B41]). A similar result is found in emmer wheat, with the Wx-A protein making a smaller contribution to total GBSSI than Wx-B ([@mss209-B40]).The molecular mechanism responsible for the differential contributions of the Wx homeologs to GBSSI protein and amylose content in wheat is unknown ([@mss209-B41]).

In millet, we suggest that one or both of two factors are consistent with the reduced contribution of the *GBSSI-*L locus to GBSSI protein and amylose content in the endosperm. First, sectioning of *P. miliaceum* grains revealed that the spatial distribution of amylose in the S~-15~/L~C~ genotypes differed from the wild type both in *P. capillare* and in S~0~-bearing genotypes of *P. miliaceum*. The restriction of amylose to the outer cell layers in S~-15~/L~C~ lines is a pattern similar to that found in some low-amylose barley lines, in which a mutant *wx* allele with a 413-bp deletion in the promoter region shows an altered temporal and/or spatial pattern of expression consistent with expression later in endosperm development than normal ([@mss209-B30]; [@mss209-B43]). The L~C~ allele may show similar alteration in expression patterns relative to its ortholog in *P. capillare* and to the GBSSI-S protein. Indirect evidence that spatial expression may be altered comes from work on other cereals including barley, maize, and sorghum. These studies indicate that amylose levels in wild-type starch are typically highest in central endosperm and lower in peripheral endosperm ([@mss209-B5]; [@mss209-B33]; [@mss209-B38]), that is, the reverse of the spatial pattern seen in partially waxy barley and broomcorn millet.

Second, as discussed earlier, it is possible that the L~C~ protein may possess lower specific activity relative to its ortholog in *P. capillare*. We note that the L~C~ allele has three amino acid substitutions relative to both the fully functional *P. capillare* L-ortholog and the *P. miliaceum* GBSSI-S~0~, which might account for reduced specific activity. However, from an alignment ([supplementary fig. S1](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/mss209/DC1) online), it could be seen that none of these residues are highly conserved among other functional GBSSIs. Site-directed mutagenesis, which was beyond the scope of this study, would be required to determine whether any or all these three amino acid substitutions significantly affect starch synthase specific activity.

Nonlinearity of the Relationship between Different Measures of "Waxiness"
-------------------------------------------------------------------------

The biochemical analyses in our article measure several different phenotypic effects of mutations at the *GBSSI* locus. For some phenotypic measures (swelling power and amylose content), the values for the S~-15~ /L~C~ lines are intermediate between those of the wild-type and waxy lines, whereas for others (GBSSI activity and GBSSI protein content), the values are very similar to those of the waxy. In respect of iodine staining of seed, the S~-15~/L~C~ phenotype was very similar to the wild type ([@mss209-B16]). Nonlinear relationships between GBSSI activity/protein content and amylose content are expected for components of multienzyme pathways ([@mss209-B20]) and have been described in other species, for example, wheat ([@mss209-B9]) and potato ([@mss209-B13]). Low-amylose content is the most frequently employed test for waxiness, because of the ease of screening plant material qualitatively for this trait. However, starch swelling power is likely to be the best proxy measure for the variation in texture of cooked grain, which represents that aspect of the phenotype subject to human selection. The precise relationship between these measures is less important in species, which show only a dimorphism in phenotypes between wild-type and waxy varieties. However, where multiple phenotypic states are known for the waxiness trait, as in broomcorn millet, wheat ([@mss209-B9]), and rice ([@mss209-B10]), then the evaluation of selection (in particular, preindustrial selection) on particular genotypes requires consideration of whether the most appropriate measures of \"waxiness\" have been assessed. In *P. miliaceum*, we found that for starch swelling power, plants with the S~-15~/L~C~ genotype showed a clearly intermediate phenotype between waxy and nonwaxy lines.

Partial Diploidization of the *GBSSI* Locus Responsible for Grain Amylose in Broomcorn Millet and Its Implications for Allele Selection
---------------------------------------------------------------------------------------------------------------------------------------

In summary, our biochemical data suggest that the *GBSSI* locus responsible for grain amylose is in the process of becoming diploidized in broomcorn millet. Polyploid speciation in plants frequently leads to the loss or silencing of redundant homeologous copies of protein-coding genes or to differences in expression patterns ([@mss209-B7]). In the endosperm, the GBSSI-L homeolog on its own has a severely reduced capacity for amylose synthesis compared with GBSSI-S*,* and the presence of S~0~ appears to be sufficient for wild-type amylose content regardless of the *GBSSI-*L allele present. Multiple mechanisms may account for this partial diploidization, but on the basis of our data, we cannot determine which of these is most important.

Our biochemical analyses show that distinct, loss-of-function mutations in the *GBSSI-*L and *GBSSI-*S loci were needed to give plants with the fully waxy phenotype that has been selected for in east Asia. However, it is also apparent that, given the unequal contributions of the *GBSSI-*S and *GBSSI-*L loci to amylose synthesis, the L~Y~ and L~f~ mutations would be selectively neutral in an S~0~ background. As we inferred previously ([@mss209-B18]), the S~-15~ mutation was essential for the evolution of lines with an altered endosperm starch texture. These points help in understanding the spatial and temporal sequence of evolution of alleles at the *GBSSI-*S and *GBSSI-*L loci that gave rise to waxy phenotypes.

Inferring the Complex History of Selection and Spread of *GBSSI* Alleles from Phylogeographic Analyses
------------------------------------------------------------------------------------------------------

The analysis of microsatellite markers gives a phylogenetic context to the distribution of *GBSSI* alleles and phenotypes that contributes to understanding evolution at this locus. Microsatellite analysis shows that the broomcorn millet gene pool across Eurasia shows strong phylogeographic structure. By screening individual plants from landraces across a wide geographical range for both microsatellite and *GBSSI* genotypes, we were able to detect associations between phylogeographic clusters and alleles at the two *GBSSI* loci. Some of these associations were very strong; however, there was also clear evidence for the transfer of mutant alleles among genetic populations, indicating a complex history of spread and selection of *GBSSI* alleles. The analysis that follows explains these points in detail and allows us to suggest a model for the evolution of waxy phenotypes.

We can assume that the S~0~ and L~C~ alleles are ancestral to the loss-of-function mutant alleles S~-15~ and L~Y~/L~f,~ respectively. The distribution of the L~Y~ allele is widespread both geographically and phylogenetically, from which we infer that this mutation probably occurred early in the history of broomcorn millet cultivation. Archaeological and genetic evidence strongly supports northern China as the major center of broomcorn millet domestication and early cultivation as a staple cereal ([@mss209-B17]). These considerations would suggest that it is likely that the L~Y~ mutation arose in this region, perhaps before the divergence of the genetic clusters identified by our microsatellite analysis and then spread both westward to western Russia/eastern Europe and eastward to Japan and Korea. One apparent problem with this model is that the L~Y~ allele is very rare among the Chinese samples we analyzed and found only in a single accession (MIL-72) from northwest China. However, it is known that mutations that arise in expanding populations can reach high frequencies in the zone of expansion and remain uncommon in the region of origin ([@mss209-B11]; [@mss209-B22]).

Homoplasy (convergent evolution) of the L~Y~ allele in the western populations (shown in yellow/orange/red) and eastern populations (those shown in pink/light blue) is highly unlikely, because examination of the full-length sequences for accessions representing both these groups (MIL-47: GenBank accession number GU199254 and MIL-3o and 3y: GU199257 and GU199258, respectively) shows that exemplars of the L~Y~ allele from both these geographic groups also share an intron substitution (G for C at nucleotide position 1408). The parallel character state of this SNP with the cysteine--tyrosine mutation in exon 7 is strong evidence that the L~Y~ alleles across the geographic range are identical by descent. In the light of the above, it is also unlikely that the L~Y~ allele arose either in the extreme west (eastern Europe) or east (Japan) of its current range and then spread sufficiently widely to become established in both these regions. This spread, which would have had to cross China, would be difficult to reconcile with both the archaeological evidence clearly placing China as the oldest center of broomcorn millet cultivation by some 3 millennia and our data showing the phylogenetic distinctiveness of the western populations (those shown in red, orange, and yellow) and those in Korea and Japan (shown in pink and light blue).

We therefore argue that an origin for the L~Y~ allele in China and its outward spread from this region is the most likely explanation of the data. This adds weight on the side of arguments that the phylogeographic patterns observed in *P. miliaceum* ([@mss209-B17]) represent a single center of domestication in northern China and that the western genetic cluster arose from a founder effect in westward spread rather than independent domestication in eastern Europe.

Our biochemical data demonstrate that the L~C~/L~Y~ polymorphism would be selectively neutral in the western part of the range, because these populations are monomorphic for the S~0~ allele. The observed polymorphism at the *GBSSI-*L locus among the populations shown in red, orange, and yellow is presumably the result of demographic processes. We note that the Ly allele is at higher frequency in population 3 (yellow) than in the closely related populations 1 (red) and 2 (orange), perhaps reflecting founder effects in the splitting and spread of these populations.

The very high frequency of the L~Y~ allele in Japan as also reported by Araki et al. (forthcoming) could be accounted for in two different ways. First, it could indicate a founder effect in the spread of population 6 (pink), in which the L~Y~ allele was still selectively neutral but approached fixation in Japan by chance. Alternatively, waxy phenotype plants could have arisen through association of the L~Y~ allele with the S~-15~ mutation before, or early in the history of, the spread of broomcorn millet into Japan, which were then subjected to strong positive selection.

In contrast to the L~Y~ allele, the L~f~ allele has a restricted distribution. It is very strongly associated with population 5 (dark blue), which itself is largely restricted to China. The limited geographic spread, and the observation that this allele has not crossed substantially into other genetic groups, suggest that it arose relatively recently. Among the accessions from northeastern China, the L~f~ allele is the most common (and found in combination with both the S~0~ and S~-15~ alleles to give both nonwaxy and waxy phenotypes), but the L~C~ allele is also present in several accessions.

There appear to be two plausible centers of origin for the mutant S~-15~ allele, namely in Japan or (northeastern) China. Our biochemical data on phenotypes of plants homozygous for the S~-15~ allele show that this allele would likely have been subject to strong selection for texture regardless of the *GBSSI-*L allele background in which it appeared. The strongly inbreeding tendency of *P. miliaceum* (∼90%; [@mss209-B3]) means that the homozygous genotype and therefore the waxy phenotype would be generated rapidly and would have exposed this allele to selection. The S~-15~ allele is associated with the L~Y~ allele in Korea and Japan to produce fully waxy phenotypes, whereas in China these phenotypes result from the association of S~-15~ with L~f~. The microsatellite analysis shows that these populations are genetically differentiated. This suggests that, in whichever of these two populations the S~-15~ arose, it has crossed between them, likely facilitated by strong positive selection for the waxy texture by human populations in both Japan and northeastern China.

Accounting for the Absence of Partially Waxy Lines in Broomcorn Millet---The Role of Selection
----------------------------------------------------------------------------------------------

It is striking that partially waxy lines (with the S~-15~/LC genotype) are either extremely rare in or absent from the broomcorn millet gene pool. This is in apparent contrast to wheat, in which partially waxy landraces are known. Two possible explanations for the absence of partially waxy millet landraces are that 1) the relevant alleles at the two homeologous loci are restricted to distinct geographic or evolutionary clusters, which has limited opportunities for them to come into combination, or 2) there has been selection against this phenotype. Collectively, the microsatellite and *GBSSI* data demonstrate that gene flow occurs between the differentiated populations. It is thus unlikely that the absence of landraces with the genotype L~C~/S~-15~, giving the partially waxy phenotype, can be fully explained by geographic or genetic isolation of populations. We suggest, therefore, that the absence of partially waxy landraces indicates selection against these intermediate phenotypes.

Toward a More Precise Understanding of Cultural Selection for Waxy Phenotypes
-----------------------------------------------------------------------------

Selection against partially waxy phenotypes of broomcorn millet would contrast with the situation in bread wheat, in which partially waxy phenotypes, with mutations in one or two of the three genomes, have been selected in landraces for upon noodle making ([@mss209-B41]). This highlights the current lack of detailed understanding of the culinary practices and cultural influences that have driven selection for *GBSSI* genotypes in *P. miliaceum*. In this regard, we can make several points.

The distribution of waxy types of broomcorn millet in our data set is restricted to China, Korea, and Japan and one sample from Sakhalin island. Although the geographic location is imprecise for many of the Chinese samples, it appears that the waxy types are restricted to the northeastern provinces, whereas lines from northwestern China are nonwaxy. This is reflected in Chinese-language terms for millet: local farmers in northeastern China and central Inner Mongolia distinguish between *shuzi* ---nonsticky (i.e., nonglutinous or nonwaxy) broomcorn millet---and *mizi* ---sticky (i.e., glutinous or waxy) broomcorn millet, whereas in Gansu province, only *shuzi* is used, and *mizi* is not a recognized term (Liu X, personal communication). This phenotype geography is similar to that in other cereals, and it is notable that the western limit of the region in which sticky cereals are found approximately coincides with both that of the East Asian summer monsoon and the Han Chinese culture (Fuller D, personal communication). [@mss209-B14]) and [@mss209-B44] argue that the sticky/nonsticky divide, which seems to have developed first in rice, reflects a fundamental distinction between two different cultures of food processing with different associated technological artifacts. The first, centered in east Asia, is derived from Pleistocene exploitation of nuts and tubers ([@mss209-B44]) and is based on the boiling and steaming of grain in ceramic vessels. The second culture, centered on western Eurasia, focuses on the grinding and baking of grain. The Epipalaeolithic and early Neolithic of this region are characterized by the presence of grinding stones; pottery postdates the appearance of agriculture by some 3--4 millennia. However, a number of questions remain. Did the textural preference for sticky grains relate to the handling properties of the cooked grain---that is, its cohesiveness in vessels or on eating implements---or its texture in the mouth? Insufficient attention has also been paid to variation within the "sticky-grain" zone. This zone is by no means a single cultural unit, either today or in the past. Variation in usage of sticky grain varieties, and the relative frequency of cultivation and consumption of sticky and nonsticky types among different cultural groups, and among different cereals, needs detailed clarification. Discussion of "preference" for sticky grains seems to imply a psychological choice, but this may be linked with a physiological component: low-amylose starches are less resistant to digestion and produce a more pronounced blood sugar spike ([@mss209-B1]; [@mss209-B21]). Biochemical and genetic data on a range of cereal crops demonstrate how selection for the waxy trait has impacted on the plants themselves. To complete the picture, complementary ethnographic studies are needed that answer outstanding questions about the human side of this process.
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